Abstract-Cadmium Telluride (CdTe), with its high photon absorption efficiency, has been regarded as a promising semiconductor material for the next generation X/γ-ray detectors. In order to apply this device to astrophysics, it is essential to investigate the radiation hardness and background properties induced by cosmic-ray protons in orbit. We irradiated Schottky CdTe diodes and a CdTe block with a beam of mono-energetic (150 MeV) protons. The induced activation in CdTe was measured externally with a germanium detector, and internally with the irradiated CdTe diode itself. We successfully identified most of radioactive isotopes induced mainly via (p, xn) reactions, and confirmed that the activation background level of CdTe diode is sufficiently low in orbit. We compared energy resolution and leakage current before and after the irradiation, and also monitored the signals from a calibration source during the irradiation. There have been no significant degradation. CdTe diodes are tolerant enough to radioactivity in low earth orbit.
I. INTRODUCTION
A DVANTAGES such as high atomic number (Z Cd = 48, Z Te = 52) and room temperature operation have made Cadmium Telluride (CdTe) one of the most promising semiconductor materials to detect X-rays and γ-rays (10 keV -1 MeV) [1] . At the same time, CdTe has inherent disadvantages, such as low mobility and short lifetime of holes. In order to overcome them, various methods have been proposed. One method we have developed is to utilize Indium as an anode electrode to form a Schottky diode [2] [3] . By this technique, we can apply a higher bias with a lower leakage current, resulting in a good charge collection efficiency together with a good energy resolution.
CdTe can be applied not only to medical and industrial imaging, but also to detectors for astrophysics. In hard Xrays and soft γ-rays, signals from celestial objects are much M. Suzuki and M. Tashiro are with Department of Physics, Saitama University, Saitama, 338-8570, Japan.
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weaker, whereas background is much higher than in the soft X-ray band. In order to acquire good signal-to-noise ratio, it is necessary to achieve extremely low background. For this purpose, we have been developing the Hard X-ray Detector for Astro-E2 satellite, which consists of GSO/BGO phoswich counters and silicon PIN diodes, and characterized by an extremely low background level [4] . In view of next generation detectors, we are developing an improved instrument, utilizing CdTe as the main detector [5] [6] [7] [8] .
In order to operate CdTe in a space environment, we cannot neglect the activation background because of its high atomic number. For example, high-energy astronomy satellites launched from Japan will be put into approximately circular orbits with altitudes of ∼ 550 km and inclination angles of ∼ 30 degrees. In such an inclination of low earth orbit (LEO), the major origin of background is activation induced by cosmic rays, especially geomagnetically trapped protons in the South Atlantic Anomaly (SAA). CdTe is a relatively new material, and its activation properties are not yet understood very well. Therefore, we carried out beam irradiation experiments for CdTe. We utilized Schottky CdTe diodes which are the single crystals grown by the Traveling Heater Method by ACRORAD [2] [3] [9] .
II. BEAM IRRADIATION EXPERIMENT
We irradiated CdTe on two occasions with mono-energetic protons (∼150 MeV). In 0.5 mm thick CdTe diodes, a 150 MeV proton deposits an energy equivalent to 750 keV. Radioactive isotopes are induced in CdTe diodes mainly via (p, xn) reaction, and their decay produces the activation background.
The first beam irradiation experiment was performed on October 5, 2001 , at the Heavy-Ion Medical Accelerator in Chiba (HIMAC). We irradiated a 155 MeV H + beam onto a 0.5 mm thick Schottky diode and a CdTe block, with the size and the irradiation condition given in Table I . The number of protons were directly monitored with two plastic scintillators with sizes of 10 mm × 10 mm × 1 mm, one placed upstream and the other downstream of CdTe. The error in the beam counting is within a factor of 1.5. We estimate the irradiation rate in SAA to be 10 9 protons per year per CdTe diode with a size of 21.5 mm × 21.5 mm × 0.5 mm, where 0.5 mm is the thickness of the detector, assuming that the CdTe is placed inside an active shield made of 6 cm thick BGO scintillator, just like the HXD for Astro-E2 [10] . The total number of irradiated protons hence corresponds to that to be accumulated in 20 years in an LEO. After the irradiation, we measured activation of the irradiated CdTe block (ID 1) externally using a high purity germanium detector, and that of the irradiated CdTe diode (ID 2) using its own signal. The size we will utilize as an actual detector is large and thin just like ID 2, while the large volume of ID 1 has an advantage in external measurements because of its high counting rate of the activation background. In addition, we compared the energy resolution and leakage current of the CdTe diode (ID 2) before and after the irradiation in order to study radiation damage. We also performed the experiment with a less intense beam, simulating the SAA passage with a small CdTe diode kept in operation. We measured the signals from a calibration isotope ( 241 Am) during and right after the irradiation. The second beam irradiation experiment was performed on July 30, 2002, at the Research Center for Nuclear Physics (RCNP) in Osaka University in order to study activation background of CdTe with a better energy resolution. We therefore employed a Schottky CdTe diode with a smaller dimension, and exposed it to a 150 MeV proton beam (ID 3 in Table I ). In this experiment, we monitored the number of protons scattered by polyethylene film (2 mm thick) with two plastic scintillators, one placed at 25 degree and the other 65 degree off the proton beam. This indirect method, however, failed to derive a precise estimation of total dose. We adopt a total number of protons estimated by comparing the activation background of reference GSO and BGO with that of our experiment utilizing similar size of crystals [10] . The total dose of protons thus estimated corresponds to that for 17 years in an LEO, and comparable to that in the HIMAC experiment. After the irradiation, we measured the activation background spectrum of the CdTe diode using its own signal.
III. ACTIVATION BACKGROUND A. External Measurements
With a germanium detector, we can detect γ-rays emitted from radiative decays of the induced radioactive isotopes. This allows us to identify individual isotopes, estimate the yields produced, and calculate experimental cross sections.
After the irradiation at HIMAC, we measured 40 keV to 2 MeV spectra of the CdTe block, with a germanium detector having an energy resolution of about 3 keV. We shielded the irradiated CdTe block and the sensor head of the germanium detector with 5 cm thick lead blocks. The obtained spectra are shown in Fig. 1 . Compared with the background before the irradiation, the continuum level increased nearly by an order of magnitude, and many emission lines appeared. We have derived the decay curves for major lines, and determined their decay time constants as shown in Figure 2 . We have successfully identified ∼ 90 % of all line features in the spectra, with radio-isotopes in the mass-number range from 95 to 130, by comparing their center energy and decay time with those in the reference [11] . The results are summarized in Table II . Most of the identified radio-isotopes are induced via (p, xn) or (p, xpyn) reactions. The decay curves also enable us to estimate the yields of the radioactive isotopes. As shown in Fig. 2 , we fitted each measured decay curve with that predicted by the isotope table [11] , extrapolated it to obtain the count rate at the beam stop, and then we calculated the experimental cross section, considering efficiency of the germanium detector, absorption by the CdTe block itself and the total number of irradiation protons.
With this experiment, we acquired the data for only one particular proton energy, 150 MeV, while we need to know the effects induced by the spectrum of trapped protons in SAA. Therefore, we will in future calculate the actual activation background with the help of a semi-empirical formula [12] , after calibrating it with our measurements. As summarized in Table III , we have confirmed that the semi-empirical cross sections agree, within a factor of two, with the experimental ones derived from our measurements. The largest uncertainty is that in the proton beam intensity in our experiments.
B. Internal Measurements
The α, β and low-energy γ-rays which are stopped inside CdTe can be detected only with the irradiated CdTe itself. Actually, these are to be observed as the radiation background in the space environment. In this section, we present the results from the experiment at RCNP, because of the excellent energy resolution (∆E ∼ 2.5 keV at 122 keV) of the diode (ID 3) used in that experiment. They are consistent with those taken at the HIMAC experiment (ID 2) when considering the different energy resolution (∆E ∼ 7 keV at 122 keV) since their total number and energy of protons are comparable and both of them are with the thickness of 0.5 mm.
At RCNP, after the irradiation, we measured the induced radiation background of the CdTe diode (ID 3) placed in a cave of lead blocks at room temperature with a bias voltage of 300 V. The spectra thus acquired within 1.2 hours of the beam stop are shown in Fig. 3 . Characteristic lines and continuum from radiative isotopes are clearly observed. We can see that the continuum increased nearly by three orders of magnitude compared with the background before the irradiation. Using the spectra, we have identified short-lived radioisotopes, in the way similar to that used in the external measurements. The obtained identifications are summarized in Table IV . In these internally measured spectra, we notice meta stable isotopes, so-called 'isomer', were also produced; for example, 111m Cd (T = 49 minutes), which is a meta stable isotope of 111 Cd. In order to measure the activation background internally with a better energy resolution, we brought the irradiated CdTe (ID 3) back to our laboratory, and continuously measured at −20
• C. We put the CdTe diode inside an Al case, and placed it in the bottom of a well-type CsI scintillator. They were covered with 0.2 cm thick Sn sheet and 5 cm thick lead blocks, and placed in a thermostatic chamber. The bias voltage was set at 400 V. This measurement setup is shown in Fig. 5 . The spectra obtained from 3 to 40 days after the irradiation are shown in Fig. 4 . After 40 days, the continuum decreased to a level which is an order of magnitude higher than the background before the irradiation. Based on the center energies and decay curves, and the results from the measurement with the germanium detector, we successfully identified almost all noticeable line features in these spectra with those radioisotopes of which the half-lives are longer than 2 days. The results are summarized in Table IV .
By scaling the experimental data, we roughly estimated the activation background level in a space environment. Since the number of irradiation protons in our experiments corresponds to a total dose over 17 years in an LEO, the background due to the fast-decay isotopes, accumulated in orbit typically for one day, will reach only 5 × 10 −5 counts s −1 cm −2 keV −1 . In contrast, on the time scale of a few years, which is the general life of a satellite, the long-lived components will be accumulated and not negligible. Scaling the background later than 18 days after the irradiation in Fig. 4 , we estimate the annual increase in the activation background as 4×10 −5 counts s −1 cm −2 keV −1 , which is rather mild. Furthermore, the improved energy resolution of the CdTe diode (e.g., ID 4) will be of great help in removing the activation emission lines from the spectra to be obtained in orbit, as has been demonstrated by our internal measurements. Thus, the activation background of CdTe diodes is expected to be sufficiently low to be operated in an LEO.
To achieve a still higher sensitivity, we need to reduce the activation background beyond the level described above. One promising way is to utilize anti-coincidence, e.g., by reading out signals from the CsI scintillator used in our internal measurement (Fig. 5) . If at least one γ-ray is emitted in the radioactive decay, and it escapes out of the CdTe diode and is detected by the CsI scintillator, the event can be rejected by anti-coincidence. In the same way, continuum components created by γ-ray Compton scattering in CdTe can be suppressed. In order to examine such a possibility, we actually read out simultaneously the signals from the CsI scintillator in Fig. 5 with a photomultiplier tube. Then, as shown in Fig. 6 , the continuum has almost been halved, and some lines have been successfully eliminated. This means that the activation background can be decreased efficiently with an active shield. However, this method cannot suppress the continuum caused by β-rays; unmodeled time variations in such continuum components will ultimately limit the sensitivity of our LEO observations. It is therefore necessary to identify those radio-isotopes which significantly contribute to the activation continuum, and include them correctly in the background modeling. 
IV. RADIATION DAMAGE
Semiconductor detectors, such as Si and Ge, are generally subject to damage when exposed to a large quantity of radiation. With our experiment at HIMAC, we measured leakage current and energy resolution of the Schottky CdTe diode (ID 2) before and after the irradiation with the flux of 8.9 × 10 5 cm −1 s −1 and the duration of 4900 s, which corresponds to an absorbed dose of 0.2 krad.
The leakage current significantly increased by ∼ 50 %, immediately after the irradiation, but it recovered within an hour. The dependence of the degradation on the irradiation rate was demonstrated by a previous work [13] . Considering that the counting rate of the irradiated protons was more than 10 3 times higher than that expected in SAA, we expect the increase in leakage current negligible in actual LEO conditions. The spectra of a calibration isotope, 57 Co, were obtained before and after the irradiation, yielding the energy resolution of 3.9 keV and 3.8 keV at 122 keV, respectively. There have been no detectable degradation.
In addition, we monitored the signals from a calibration source, 241 Am, during the irradiation, in order to study whether we can normally operate CdTe diodes under exposure to protons in the SAA condition. We actually irradiated a small CdTe diode (2 mm × 2 mm × 0.5 mm) at a rate of 10 and 100 times higher than in SAA, as described in Table V, while continuously supplying a bias of 300 V to the CdTe diode. The time sequence of the experiment and the measured energy resolution on each time are also summarized in Table V . We confirmed that the resolution did not degrade significantly. It is hence possible to operate CdTe diodes during and right after passage through the SAA.
In the previous two works of ohmic detectors (4 mm × 4 mm × 2 mm) and Schottky diodes (2 mm × 2 mm × 1 mm), the degradation had been observed [13] [14] . The former work adopted the detectors with the different electrode structure from our detectors, and the latter had much higher irradiation rate (10 9 protons s −1 cm −2 ). In our experiments, we confirmed the CdTe diodes have not been degraded significantly under the condition in an LEO.
V. CONCLUSION
Through these beam irradiation experiments, we have confirmed that the Schottky CdTe diode is tolerant to the radioactivity to be encountered in an LEO.
The experiment has also allowed us to quantitatively evaluate the activation of CdTe induced by proton bombardments. The results generally agree with the prediction of the semiempirical formula for (p, xn) reactions. A first-cut estimate suggests that the activation of CdTe in an LEO is relatively low, thus making it a promising material for use in space observatories.
Our next task is to establish a quantitative model for the background spectrum of activated CdTe diodes. For this purpose, we may utilize the semi-empirical formula, under a necessary calibration by our external and internal measurements. The model goodness may be evaluated by studying whether it can reproduce the internally-measured background spectra of the irradiate Schottky CdTe diode, including both lines and continuum.
